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Abstract 



We derive the explicit form, and discuss some properties of the moduli dependent 
effective potential arising from M-theory compactified on M 4 x X x S 1 /Z 2 , when one 
of the boundaries supports a strongly interacting gauge sector and induces gaugino con- 
densation. We discuss the relation between the explicit gaugino condensate and effective 
superpotential formulations and find interesting differences with respect to the situation 
known from the weakly coupled heterotic string case. The moduli dependence of the 
effective potential turns out to be more complicated than expected, and perhaps offers 
new clues to the stabilization problem. 



1 Introduction 



Lack of understanding of the mechanism of realistic supersymmetry breaking is the cru- 
cial missing ingredient in supersymmetric theories of fundamental forces and the obstinate 
roadblock in the supersymmetric unification programme. The other troublesome problem 
in these schemes is the apparent lack of unification between gauge and gravitational cou- 
plings. Although the low energy considerations suggest unification of gauge couplings in 
supersymmetric extensions of the Standard Model at the mass scale Mqut < Mplanck, 
the Newton constant scaled with energy as E 2 comes out to be too small to unify with 
the other couplings at Mqut in standard scenarios, cf. |TJ. The way to avoid this trou- 
ble has been suggested by Witten, 0, in the framework of the field theoretical limit of 
the strongly coupled string theory, usually referred to as field theoretical limit of the 
M-theory. Witten and Horava || have argued that the effective low energy field theory 
stemming from M-theory and describing the low-energy limit of the strongly coupled het- 
erotic string is the 11-dimensional supergravity on the manifold with boundary, which 
couples to lOd supersymmetric Yang-Mills theories living on the components of the 10- 
dimensional boundary. 

In the model of Witten and Horava there are two components of the boundary each 
containing one E 8 super- YM sector. The two sectors communicate with each other 
through the gravitational mediation, and, interestingly enough, in the regime where the 
requirement of the extended unification in the visible world is fulfilled, one of them is 
more strongly coupled than the other. This suggests that we are given in a natural 
way the much desired 4d supergravity hidden sector with the strongly coupled E 8 group, 
where we expect gauge fermions, gauginos, to condense at the dynamically generated 
scale Ag. Given this observation, one can hope that this condensation can be the natural 
source of supersymmetry breaking in the model (in analogy with classic considerations 
in the weakly coupled heterotic string models, ||], 0). Indeed, the work of Horava, |J, 
shows, that hidden sector gaugino condensation breaks lid supersymmetries, and does 
it in a very interesting and nontrivial way. However, this phenomenon deserves further 
investigation. 

For instance, since the visible sector is separated from the condensing sector, it is not 
obvious what is the specific form of the local operators violating supersymmetry in the 
visible sector. The hypothesis of Antoniadis and Quiros J/J (cf. also Dudas and Grojean 
0) puts forward the version of the Scherk-Schwarz mechanism as the effective description 
of the gaugino condensation. The Scherk-Schwarz mechanism however implies a very 
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specific contribution to the potential energy density. One should be able to understand this 
contribution starting from the fundamental Lagrangian with multifermionic terms, which 
hasn't been attempted yet. Next, the picture of Horava assumes the stiff condensate, 
which is not a dynamical variable subject to backreaction of other dynamical degrees of 
freedom. In the reality this is not correct, as the condensate is going to be a function of 
several moduli fields, actually forms a dynamically generated potential for these fields, and 
its actual magnitude should be determined upon the minimization of the potential over 
the moduli space. This brings back the problem of moduli stabilization and its possible 
connection to supersymmetry breaking mechanism - it would be very disappointing if 
there wouldn't be any. We stress here the fact that the condensate is in fact a dynamical 
variable, following the classic work of Dine et. al ||, as it has important consequences in 
the weakly coupled heterotic string. 

There it turns out that, if one forgets about T-duality, the dynamical condensate 
tends to adjust itself in such a way that supersymmetry remains unbroken, and moduli 
run away into ultra-weakly coupled regime. In those models one needs a specific T-dual 
superpotential for the moduli, and usually some subsidiary tools like chiral matter in 
the hidden sector, to get susy breaking in the direction of one of the moduli. Here, 
as the breaking is associated with boundary conditions which project away solutions 
to the Killing spinor equations, one would expect that once the condensate is nonzero, 
supersymmetry is broken, but still there remains the question about the magnitude of 
the condensate (and the gravitino mass which is related to it) and about the form of the 
effective potential for the moduli. 

Finally, there is the associated problem of the general form of the effective Lagrangian 
seen at low energies in the 4-dimensional observable sector. This sector contains at least 
two pieces 

£ = C obs (Q, M) + C moduli {M) (1) 

where Q denotes observable fields and M are moduli - which don't have to be much 
heavier than 1 TeV. It is interesting to note, that usually authors tend to think even in the 
context of M-theory models that this Lagrangian should be derivable from some effective 
4d supergravity, which then - from the 4d point of view - breaks down spontaneously, and 
that there must exist a 4d superpotential for moduli M. However, in the present context, 
when supersymmetry breaking in lid (or 5d after obvious compactification) arises from 
boundary conditions in 11th (or 5th) dimension, what one can naturally expect is explicit 
supersymmetry in 5d, so for instance the existence of the effective superpotential for 
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moduli is not really obvious. This seems to be an important point, as one tends to describe 
the supersymmetry breaking at low energies in terms of F-terms, and the nonvanishing 
ones are expected to arise exactly in the moduli sector. To discuss seriously and reliably 
the F-terms one needs the form of the effective moduli potential (and superpotential). 
This is the fundamental question which we raise and attempt to discuss in this paper. 

To perform our task we shall used mixed techniques, reducing the fermionic terms 
from 10 dimensions and then deducing moduli dependence of the condensate through the 
gauge coupling dependence of various scales, but also trying to construct directly the 
effective superpotential for moduli. 

Our paper is structured as follows: in section 2 we consider compactification of the M- 
theory effective field theory, corresponding to strongly coupled E s x E 8 heterotic strings, 
in which gaugino condensation occurs on one of the two boundaries, in the presence of non 
vanishing Guabc- The emphasis is on the computation of the moduli dependence of the 
resulting four dimensional effective action. In section 3 we consider to what extent such 
an effective potential can be reconstructed from standard N = 1,(1 — 4 supergravity with 
a moduli dependent superpotential W(S, T) whose form has already been proposed in the 
recent literature. We shall achieve only partial success in this task, encountering a number 
of problems which appear, at least, to have a common origin. Some qualitative remarks 
concerning the possible stabilization of moduli expectation values are also made. With 
the various difficulties referred to above in mind, we make some preliminary comments 
in section 4 concerning the origin of soft supersymmetry breaking masses in potentially 
realistic models. We end with conclusions. 

2 Gaugino condensation and effective potential 

To start with let us recall the form of the M-theory Lagrangian constructed by Horava 
and Witten || , which is given by L$ + Lb where 
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Lb = 1 a/a E ld l ^^{-\^F^ B F mAB -\^rV A D A {il) X m 

- ^Tr y A r BC r A (F%c + F£ c ) X m + ^Tr x"T ABC X m G ABC11 ) 

+ 0(k 4/3 ) relative to L 5 (3) 

where in eqs(|]||), 7 = 1, ..11 label coordinates on M\\\ A = 1. .10 those on M4 x X, ( 
a,b = 1..3 will denote the holomorphic and antiholomorphic coordinates on X.) The field 
strength Gjjkl = [diCjKL ± 23] terms + 0(n 2 ) satisfy the modified Bianchi identities || 

<?./9 K 2 2 1 
(e/GOiMBCD = --^5- E ^ (m) (^ n ) *cfl| - (4) 

A m=l / 

and in particular one can solve by defining a modified field strength || 

GWc = (<9 n CW ± 23 terms + E * (m) (^ U )(^ " iUSc) (5) 

v2A 2 m=1 2 

where u/ m -', and u)^' are (T^g) Yang Mills and Lorentz Chern-Simons 3 forms defined on 
the respective boundaries, and A 2 = 27r(47w 2 ) 2//3 is the d = 10 gauge coupling constant. 
k = mii^ 2 , with mn the 11 dimensional Planck mass. The delta functions 5^ m \x n ) have 
support on the two fixed point sets in M4 x X x S 1 / Z2. The presence of these various source 
terms in eqs([|,[5[) are an important difference with the corresponding Bianchi identities 
relevant to compactification of the perturbative E$ x E 8 heterotic string, where Habc 
plays the role of Guabc- 

In the bulk d — 11 supergravity lagrangian L$, g = det(gjj) involves the d — 11 
bulk metric. In the boundary lagrangian, the same quantity is understood as being the 
determinant of the d = 10 metric obtained as the restriction of the bulk metric to either 
of the two boundaries M^°,m = 1,2. Similarly the two copies of the E 8 super Yang 
Mills fields defined on the boundaries are denoted by F mAB , x m respectively. Qabc are 
the usual d — 10 spin connections, with hatted quantities denoting the supercovariant 
generalizations, explicit definitions of which can be found in || . 

We shall be interested in compactification of the terms in L$+Lb relevant to the deriva- 
tion of the effective potential V e ff obtained when gaugino condensation occurs on one of 
the boundaries corresponding to the hidden sector (which we identify as the boundary 
component M r ^° =2 ) in the presence of a non vanishing Guabc- I n compactifying to d = 4 
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we shall adopt a similar procedure discussed in |5| where the sequence is 11 — > 5 — > 4 in 
the bulk action and 10 — > 4 on the boundaries. The other subtlety that occurs in M-theory 
compactification to d = 4 arises because the internal six dimensional metric Qij,i = 4, ..9 
is a function in general of the orbifold coordinate well cLS X . Indeed it was shown 

in [[| that this is a necessary condition in order to get unbroken N — 1 supersymmetry 
in four dimensions. In what follows we want to consider the dependence of V e ff on the 
moduli associated with the overall scales of and the Z 2 invariant metric #11,11. Thus 
in the spirit of || we assume we have metrics g^\x ll ,x % ) and g^u which have the right 
shape but the wrong "size", i.e. we write in compactifying from d = 11 — > 5 — > 4 

J 11 ) - „-2 CT (xM) (5) (11) _ 1 a(x^) (0)/ 11 ix 

(5) _ 2 7 (^) (0) (5) _ - 7 (^) fl (4) ( fi N 

yn,ii — e yii,ii) 3/iv — e y^ l°J 

where fi' = 0, ..3, 11; \i = 0...3 and the superscripts on the metrics in () brackets indicate 
the particular dimension the metric is defined in. We have emphasised in (|6|) that the 
fields 7 and a only depend on the four dimensional coordinates x M but each of the metrics 
9ij\9n n an d gf} can depend on x l ,x n ,x^ in a way determined by the requirement of 
unbroken N — l,d— 4 supersymmetry . Our approach thus follows more closely the 
original one by the authors of rather than the dimensional truncation approach to 
N=l, d=4 supersymmetry as employed recently in § ,@ . 

The choice of factors of a and 7 in (|6]) yields canonically normalized Einstein-Hilbert 
actions in d= 4 in the supergravity basis ||, (i.e. there is a kinetic energy for the field 7 

)■ 

The (curved space) d= 11 gamma matrices satisfy {T 1 , T J } = 2g <yll ^ IJ , and corre- 
sponding to the scalings in (|6|) we have the following a and 7 dependence of their various 
components after compactification : 



1 (11) - 1 (5) e ' 1 (11) - 1 (5) e 

{r&,r&} = 2^v ( { r (5) ,rj 5) } = 2 y ^', {r^,p (5) } = o (7) 

and furthermore 



p/u'=ll _ pAt'=ll -7 p/i _ p/j 7/2 
(5) - 1 (4) e ' 1 (5) - 1 (4) e 
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{rfo.rfo} = 2 9 ^, {r; 4 1 ) ,r; 4 1 ) } = 2^ 11 , {i^ )) rg ) } = o (8) 

Horava has shown that the combination of terms involving Guabc and X m an d -^s 
can be written as a bulk perfect square action L sq : 

L « = ~W2 i d ll x^(GnABC-^(^) 2/3 5 {2) (x n )Trxr A BcX) 2 (9) 

lZK z JM 11 i07T 47T 

where it should be emphasised that the perfect square term should transform as a scalar 
with respect to d — 11 coordinate transformations hence a factor of implicit in 

(H). (Recall that the delta functions 6^ (x 11 ) are not invariant, but rather transform as 
covariant vectors under coordinate transformations of x 11 ). Integrating (^) over x 11 we 
have: 

L sq = - ^J Mll d u x^(G 11ABC Gf 1 BC g^) 

" ii ( i€ ( £ )2/3)2 /^^^^(xrABox)(xr^°x)^(o) (10) 

where (^(x 11 ) = (v^IT)" 1 ^(a; 11 ) is a delta function transforming clS cl scalar under 
x 11 coordinate transformations. 

An important feature of M-theory compactification as shown by Witten []2| , is the fact 
that the volume associated with the compact six dimensional internal spaces at each of 
the boundaries M 10 = M 4 x X* are different. The interpolating metrics Qij{x l , x 11 ) in (§) 
depend on x 11 in general, and in M it was shown, by considering an expansion about an 
x 11 independent metric, that the volumes V m of X m ,m =1,2 defined at the two fixed 
point sets x 11 = and x 11 = np are related: 

V 2 {a, 1 ) = V x (<T,i) - -£j=p J^d 6 x^a(g,F) 

= Vl (a n )-^e'mT 1 1 J x2 d 6 x^a(g^,F) (11) 

where d 6 x </ga(g, F) = ^(^) 2/3 oj A [FrF® AF (2) - ±TrRAR] is a 6-form defined wrt the 
metric gij, (u being the Kahler form ), and p is the length of the line element S 1 /Z2 with 
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respect to the metric choice #11,11 = 1 [0. In obtaining the second line in (|TTD, we have 
used the a and 7 dependence given in (§) and the relation p = e i ~ a m : [ 11 which expresses 
the radius in supergravity units. 

The volumes Vi(er, 7) and V^er, 7) define the four dimensional observable and hidden 
sector gauge coupling constants g w and gh,Q 

l_ 8ttV1 _L_ 8irV 2 

^ 2 (4vr/t 2 ) 2 / 3 ' 5ft 2 (47TK 2 ) 2 / 3 1 j 

The result found by Witten ( |TT| ) translates directly into the statement that the dif- 
ference g^ 2 — g w 2 depends only on the particular integral defined in (|TT|) . Another way 
of understanding this result, from a weak coupling perspective was presented by Banks 
and Dine [HI]. They pointed out that if the effective four dimensional gauge couplings 
are small and one considers a large radius Calabi-Yau space, the individual moduli de- 
pendence of g w and gh can be computed. The result follows directly as a consequence 
of supersymmetry and holomorphicity once the axionic couplings are known. Such cou- 
plings can be determined from reducing the d = 10 Green-Schwarz terms. For a single 
overall (1, 1) modulus T and modulus S of the weakly coupled 10 dimensional theory, the 
couplings are given by 

g~ 2 = (327r) 1/3 (ReS) + ™\,A ReT) [ d 6 x uj A [TrF^ A — -Tri? A R] 

4(47r) i / d Jx 2 2 

g~ h 2 = (32vr) 1 /3( Re ^)--^L 7I (ReT) J^x uj A [TrF^ A F^ - ^TrR A R](13) 

where we emphasise that here S is the weak coupling modulus, whose real part is related 
to the dilaton in the usual way. 

The question arises whether (|13|) might be true even if one is in a region where the 
M-theory description is more appropriate. The answer appears to be affirmative, because 
it has been noted in M that the Chern-Simons term CGG in the action (0) turns into an 
effective Green-Schwarz term, when one uses the relation 

Gabcd = --^ e(x n ) (TrF [AB F CD] + ) (14) 

which solves the modified Bianchi identity (|j) near x 11 = 0. Taking into account both 
boundaries, one could once again derive axionic couplings following the arguments of UTOf 



1 With the standard embedding of the spin connection into the gauge connection occuring at the 
boundary X\ the group Eg is broken to E$ and the corresponding coupling g w is smaller than associated 
with the boundary X 2 ■ 
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and hence from supersymmetry and holomorphicity, conclude that the tree level moduli 
dependence of g w and gh has the same functional form as in (|T3| ) but with S and T moduli 
given by 

S = e 3u + i6 u T = e 1 + i9 2 (15) 

Q\ and 6 2 being related to the axionic degrees of freedom.0 

The the idea that certain features of the perturbative gauge coupling threshold cor- 
rections can be successfully extrapolated to strong coupling has been discussed in [ [H}] , 
based on anomaly cancellation arguments. The form of the couplings in flTB| ) is clearly 
a manifestaion of this and has been used recently in the discussion of the pattern of the 
soft supersymmetry breaking masses in M-theory p|. 



In studying the mechanism of gaugino condensation, we shall assume that the bound- 
ary X 2 has non contractible cycles which allow one to turn on Wilson lines corresponding 
to the the hidden sector E 8 , breaking the latter to some group G whose coupling constant 
becomes strong at some scale \i. We want to determine the dependence of /i on 7 and 
a. General arguments relate the scale \x to the GUT scale Mqut which is in turn given 
by the masses of the gauge mesons corresponding to the broken generators in the process 
E 8 — > G. 

Considering the compactification of the pure Yang-Mills action on M 2 10 to d — 4 the 
relevant terms are 

41 = -7(^-2) / dAx (Tr V" + e- 3 °->TrD lt A i D»A i + ....) (16) 
4 Airg h z J 

Wilson lines correspond to the scalars A4 transforming in the adjoint of E 8 acquiring non 
vanishing expectation values. The scale of {A 1 ) can be determined by the requirement 
that metric independent integral J r (A) ■ dx (where T is a non-contractible cycle in X 2 ) is 
of order unity. This then implies that (A) is typically of order m -1 n . To determine the 
gauge meson masses, we have to rescale the d = 4 fields A^ and Ai appearing in ( jl6|) to 
obtain canonical kinetic energies. Thus we define the canonical fields A^, Ai 

A, = 2^g h 4, Ai = 2yfHg h e^ 2 ^' 2 k\ (17) 

from which it follows that, 

M GUT w M_ « m n e~ 3 ^ 2 -^ 2 , /i(a, 7) « M GUT e -^o 9h H^) (18) 



2 These general conclusions have also been found in a recent analysis of the four dimensional effective 
action obtained from the Horava-Witten Lagrangian [|l6), where the authors include additional effects 
due to low energy gauge fields. 
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where bo is the coefficient of the first term in the beta function associated with the coupling 
Qhi and \x is defined as the scale at which the running coupling gh becomes strong. In the 
perturbative case ||, there is a similar expression for fi except there the multiplicative 
factor is e~ 2<T only, and the M-theory mass scale m\\ is replaced by the d = 4 Planck mass 
M pl . 

In order to discuss hidden sector gaugino condensation, we need also to define canonical 
kinetic terms for the d = 4 gauginos associated with the gauge group G of the strongly 
coupled sector. Here by canonical we mean that the gauginos are normalized in the same 
way as the corresponding gauge fields, as required by unbroken N = 1 supersymmetry. 
Using the metric ansatz of @, and the various rescalings of the gamma matrices given in 
(|7|||) the kinetic energy for the massless d = 4 gauginos of the group G are 

/ d ' X { ~2g^ e ~ 2CT ~ 7Tr %f D iX } (19) 
from which we learn that the correctly normalized four dimensional gaugino X(4) = 
a/2 e _cr_7 / 2 x- With this normalization we expect that the strongly interacting gauge 
group G induces nonvanishing expectation values for gaugino bilinears at a mass scale 
determined by /i(a,j) i.e. |(X(4)X(4)}| ~ /^(c,?)- 

In principle, to obtain the supersymmetric Wilsonian action below the scale [i one 
should integrate correctly all massive modes from m\\ down to fi in a supersymmetry 
preserving way. Assuming this can be done, one ends up with a supersymmetric effective 
action. Here we adopt a practical approach and employ the simplified procedure of Dine 
et al. [1. 

Now we want to derive an effective potential from the terms in ( |T0D whose origin 
was the perfect square term in (|9]). The procedure we shall adopt is to replace gaugino 
bilinears in terms of the quantity /x 3 (<r, 7) allowing at the same time complex phases in 
the latter. Whether the perfect square structure, which is apparent in d — 11 survives 
compactification would seem to depend on the precise form we take for G\ujk and the 
bilinears < xTijkX > • The situation appears more complicated than in the perturbative 
case. There for example instead of Gmjk we have the 3 form H = dB + 
the latter terms being the difference between Yang- Mills (E 8 x E s ) and Lorentz Chern- 
Simons 3-forms. Although the possibility of turning on these latter terms was raised in 
H, the usual procedure is to allow dirac like string singularities in the potential Bij such 
that Hijk = ceijk, where c is a constant. (Here we momentarily change our notaion so that 
i refers to holomorphic internal indices). Then the 3- form H is closed. This is consistent 
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with the Bianchi identities if the topological condition / TtF A F — TtR A R = holds. 
This constraint can be achieved by the usual embedding of the spin connection in the 
gauge connection, which also implies the vanishing of the Chern-Simons terms in H^. 
At the same time general arguments lead one to take < xTijkX > to also be proportional 
to the components of the holomorphic 3 form on the internal Calabi-Yau manifold. 
(This follows because massless d=4 gauginos in this case, are associated with spinors on 
the Calabi-Yau space that are singlets under the SU(3) holonomy group). The result of 
this is that the perfect square structure of the potential persists in d — 4. 

In the case of M-theory, Guabc as given in (|5]), is analogous to Habc in the pertur- 
bative case, except that the Chern-Simons term has been "split apart" , and has support 
only at the Z 2 fixed points sets. The importance of this as pointed out in , is that 
while the standard embedding is sufficient to allow a solution to the (d = 11) Bianchi 
identities, (since this involves integrating the right hand side of (|j), which picks up both 
fixed point contributions ), it is not sufficient for pointwise cancellation of the Yang- Mills 
and Lorentz Chern-Simons terms in Guabc- As has been suggested @, this might imply 
that Guabc 7^ generically in M-theory compactifications. 

Thus it would appear that the Chern-Simons source terms in Guabc are something 
one should take into consideration when calculating the effective action. Additionally, 
one could of course consider turning on the Cmj, potentials, and to this extent the 
perfect square form of the potential written as a d = 11 integral (§) suggests that the latter 
potentials are such that Gmjk develops a vev localized on the strongly coupled boundary, 
to compensate the similarly localized gaugino condensate ||. We can in principle take 
into account both these possibilities by taking Gmjk = ELi u ^k\ x% )^ m \ xll )-i where 
^ijk cou ld represent either the Chern-Simons terms or taking uu^ c = 0, uj^ c = cm^eabc 
we would get an expression similar to the perturbative case. 

Similarly, the issue arises as to the form of the fermion bilinear (xTijkX)- For now 
we shall be equally general and define Tr (xTijkX) = &ijk(x l ) describing a condensate 
localized only on the boundary X 2 . 

With these ansatzes the naive effective potential obtained from ( |i~0|) can be computed. 
Before we do this, the obvious difficulties associated with the presence of singular terms 
involving 5(0) have to be considered. These issues were raised in || where their contribu- 
tions to the d = 11 supergravity action with boundaries was first obtained. In general it 
is believed that these are artifacts of the singular nature of the boundary and its purely 
classical description. Quantum M-theory effects may serve to regularize such singularities 
by thickening the boundaries, a typical length scale being the M-theory scale m n . In 
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what follows we shall adopt this approach, and replace the invariant delta function S mv (0) 
with arriil, where the arbitrary constant a serves simply to rescale the effective action in 
d — 4. Hence for simplicity we set a = 1. 

Taking into account the various normalizations and scalings discussed earlier, we arrive 
at the following form for the effective potential: 



VefMl) = - T? 1 ,4/3 e " 3g ' 37 { Bi + B 2 + 2B 3 ^(a, 7 ) 



967T 2 (47r) 

+ J B 4/ i 6 (a,7)e 9CT+3 ^} (20) 



where the quantities B1....B4 are given by the following integrals 



B x = [ d 6 x 

B 2 = [ d 6 x 

B 3 = f d 6 x 

B 4 = I d 6 x 
Jx 2 

In the above integrals, the scaling factors of e a have been taken out, and it is un- 
derstood that the metrics gf^ are those obtained from the bulk metrics restricted to the 
appropriate boundary. 

Similar integrals arise in the perturbative case, the difference being that there is a 
single Calabi-Yau space K and a single metric (so for example B\ is absent and K can 
be identified with X 2 . In that case the 3 forms entering the integrals are all proportional 
to the holomorphic 3-form on K , and hence the integrals B2..B4 are all proportional 
to each other with coefficients that reproduce a perfect square structure in V e ff. 

In the present case, there are further subtleties. This is because B 2 --B i involve integrals 
over the boundary component X 2 located at the fixed point set x 11 = up whilst B\ is 
defined with respect to X\. In principle there could be a hidden dependence in B 2 ...B 4 
on the moduli a, 7 analogous to the moduli dependence of the volume integral at X 2 . 
One can try and determine this dependence using similar methods as in [fj] . In doing this 
one can define the integrals B 2 (x 11 ), ...B^x 11 ) at an arbitrary value of x 11 , and obtain 
a differential equations for them by taking g^(x n ,x l ) = g^(x l ) + h^(x l , x 11 ) + .... 



'9^^i 4k'9 i0)ii '9 m '9 mk ' 



(21) 
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(It should be noted that here the perturbation in the metric is e~ a times the quantity 
h a i{x\x 11 ) defined in .) 

In deforming the integrals away from the boundary X 2 the only dependence on x 11 
occurs through the various metric factors, since the ansatz for uj( m \ and Co implies these 
are x 11 independent. 

Using the expressions for duh a i derived in one can obtain the following equations 
satisfied by B 2 ...B± away from X 2 
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d n B 3 (x u ) = -±=e° J^xy/giV^l^gW 



d n B,(x u ) = -^=e° ( d G x^)Co ljk Co l/fk/ g^'g^ (22) 



4V2 Jx 

Next we can derive expressions for d^B^x 11 ), a = 1..4. This will involve d\\a an 
expression for which can be determined through the Bianchi identities of Guabc without 
the source terms H, with the result that it is a total derivative wrt x l . In fact dna ~ 
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u u; \dG)\ujkh where {dGf)xiijki only involves derivatives wrt the coordinates x\ and 
again it should be stressed that here Guijfc contains no source terms, unlike that defined 
in (U). In the context of gaugino condensation, if such terms are turned on at all they are 
given in terms of the holomorphic (and antiholomorphic) 3-forms, which are covariantly 
constant and hence in this specific case, a is x 11 independent. Consequently, df 1 B 2 (x 11 ) = 
df 1 B 3 (x 11 ) = d^B^x 11 ) = 0, i.e. the integrals defined in ( p2j) are x 11 independent to this 
order. This situation is now similar to the volume calculation of X, and one has the 



following expressions for the original integrals (21) 



B 2 = Bl --^=npe°([ d 6 x^fi)(^fa(g^)) 
4V2 Jx 2 

B, = B^ -^p^{J x SxsJ^{Cofa{g^)) (23) 

where in (p3p, the integrals B 3 and B^ are defined at the fixed point set boundary 
Xi, and so together with B\ are independent of the moduli a, 7. Indeed this also applies 
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to the integrals over X 2 in (£2^), the only dependence on the moduli being through the 

combination pe CT , which from our previous definitions is proportional to e 7 . 

At this point we can see that the integrals B2....B4 have a dependence on 7 that is not 

present in the perturbative case. (The coefficients in perturbative case would correspond 

to just keeping integrals B 2 , B3 and B4 and keeping just the first terms on the right hand 

side of ), and identifying X 1 with the space K in || endowed with metric gf*\ and 
(2) ~ 

setting u>a bc , oj proportional to the holomorphic 3 form e ahc on K. This reproduces the 
perfect square potential.) 

It is hard to see how this perfect square structure holds if, as we discussed earlier, we 
really take into account the source terms which would appear to be present in Gn a bc at 
x 11 = and x 11 = up, because then if u abc was taken to be proportional to e a b c , B 2 ,B 3 
and B4 are not obviously related to each other. If however we somehow ignore these 
source terms, and Gn a b c develops a piece purely at the boundary X 2 as advocated in 0, 
and again proportional to e a bci then the square structure survives. However, even if this 
is so the presence of moduli dependent terms in B 2 ...B^ may not be consistent with the 
existence of a superpotential. We shall discuss these issues in the next section. 

3 Effective superpotential in M-theory gaugino con- 
densation 

In this section we shall, following the reasoning used in the perturbative approach 0], 
attempt to identify an N = 1, d = 4 superpotential W(a, 7) which can reproduce, in some 
approximation, the above scalar potential. Before we do this we have to identify the d — 4 
Kahler structure that emerges in our compactification i.e. define complex moduli fields, 
whose real parts will be related to a, 7 and their corresponding Kahler potential. This 
has been studied by various authors H , [[| in the dimensional truncation approach, but 
is equally applicable in our case (just as the identification of moduli, and Kahler potential 
in the perturbative case |J was carried out in more general context than dimensional 
truncation). 

The Kahler potential of the S and T moduli defined earlier in flI5|) is || 

K = -ln{S + 3)- 31n(T + f ) (24) 

Now in order to extract a superpotential we have to be careful in considering what the 
effective d = 4 Planck mass is after compactification as this enters the well known formula 
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for the scalar potential in N = 1, d = 4 supergravity. 

We have followed the conventions in || regarding the various a and 7 dependent 
scalings in the metric. After compactification one obtains an N = 1, d — 4 supergravity 
in the 'supergravity basis' where the 7 field has a non- vanishing kinetic energy, and the 
d — 4 Einstein action is canonically normalized (i.e. all factors of e 7 and e a cancel in front 
of the d — 4 curvature term.). In these units the effective four dimensional Planck mass 
is of order mn, and is the basis for which the usual text book formulae for the effective 
potential is written (see ]nj for a discussion of this point.) This is to be contrasted with 
the theory as expressed in M-theory units, in which 7 has no kinetic term and there is a 
reduced Planck mass mh = t m\ 2 f| . 

With these points in mind, we take the following form for the superpotential W(S, T) 

W{S,T) = m? 1 {c 1 + c 2 e" £i # 1 ^ + C3T) } 

= ml lCl + W(S,T) (25) 

where ci, c 2 are complex coefficients which we want to determine by trying to match the 
potential coming from ( p5J) with the one obtained from compactification in (ptp . The form 
of the exponent in fl25|) is obtained by expressing the hidden sector coupling constant in 
terms of S and T as given in (|13|), and from which the constant C3 can easily be deduced. 



Superpotentials of the form (25) have already been advocated as being relevant to 



gaugino condensation in M-theory ]I0| their general forms following from requirement 
of holomorphicity and shift invariance. The new twist in the expression for W(S, T) , 
compared to the perturbative case, is the presence of the T modulus. Clearly this will 
give rise to new terms in the scalar potential compared to that case. 

Even before we discuss the connection between the scalar potential arising from (|25| ) 
and V e ff, there are other potential difficulties associated with the superpotential. Recall 
the way the expectation value of gaugino bilinears (X a X b ) enters the scalar potential of 
the 4d supergravity [[Uj. (In this discussion we adopt the notation where A a denotes the 
components of the gaugino, i labels complex moduli fields, and a is an adjoint group 
index.) With canonically normalized (in 4d) gravitational part and gauge and gaugino 
kinetic terms the relevant part of the Lagrangian is 

V = e K g^{D l W + ^e-^dJ^X^DjW + i e - K / 2 9j/ ab (A a A b )) + ... (26) 



where g v is the inverse Kahler metric and rest of the notation is standard (see |ITJ ). 
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Now, let us assume there is no perturbative superpotential and switching on condensates 
is equivalent to switching on the nonperturbative superpotential. Then one should require 

DiW np = \e- K dJ ab (\ a \ b ) (27) 

However, in the present case the tree-level gauge kinetic function / a & depends on both 
superfields S and T. Hence, without specifying the exact form of W np one can obtain 
from ( P7D the relation (assuming that (X a X b ) is non vanishing on the boundary X 2 only, 
with / defined to be the Eg gauge kinetic function) 



d s logW np - _ d s f 



(28) 



d T log W np - j~ d T f 

The relation ( p8|) is incompatible with assumed holomorphicity of W and /. The way 
to understand this relation in the context of Horava-Witten model is to recall that the 
dependence of the gauge coupling on T comes in from the terms which, as pointed out 
in [£J, can be seen as the perturbation of the Lagrangian defined on the boundary with 
the weakly coupled Eg. This reasoning would imply that we are not allowed to write the 
troublesome relation fl28|) as it compares terms which arise in different order of perturba- 
tive expansion. However, the puzzle is still around, as the same corrections tell us what 
is the difference between gauge couplings at both boundaries, and obviously enter the 
expression for the hidden Eg condensation scale, and, as a consequence, any expression 
for W np we can arrive at. Of course, this particular problem with holomorphicity doesn't 
imply on its own that there is something wrong with supersymmetry - even standard 4d 
supergravity with loop corrections in general cannot be formulated in the canonical form 
known from standard tree level formulation. In what follows we shall encounter further 
trouble with holomorphicity, arising specifically in M-theory model we have here. 

Returning to the calculation of the scalar potential, W(S, T) together with the Kahler 
potential K(S, T) given in (EMI) gives the following 



mix b 



2 _, W(S,T) (4tt) 1/3 _^fH( S + c 3 T)s 
3e~ (e 7 3 hoc 2 c 3 — e b o v 6 ') 



W(S,T) 



} (29) 



Using the expression for in terms of S and T, one can rewrite ( |2DD in a more 
suggestive manner 
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[6cl^V(T + T) + 12c 3 { -^(S + S)(T + T)] l -J-} (30) 
°o y/i °o ''ni 



At this point it is interesting to compare the form of V e ff in (|30|) with the one obtained 
in compactifications of the perturbative heterotic string with hidden sector gaugino con- 
densation and Hijk field strength turned on ||. Here, in the simplest scenario, there are 
also two moduli S and T related to the dilaton <p and scale factor e CT via ReS* = e 3<T </>~ 3 / 4 
and ReT = e CT 3 / 4 . The relevant superpotential has the same form as in (|25| ) except that 
the term in T in the exponential is absent. One finds an effective potential V^j given by 

V e f f = ^ pl e^r 3/2 \c + h[(^-)(S + S) + l)e-^ \ 2 (31) 

This potential reproduces the perfect square form obtained explicitly from compactifica- 
tion only up to the power law correction term proportional to (S + S) inside [ ] in (pHT). 
In this theory, the four dimensional gauge coupling g~ 2 = ReS, so such a correction is of 
order 3 /(bog 2 ). 

Now we return to the V e ff in the M-theory case. It is clear that there are two correc- 
tions terms present, proportional to 1/g 2 , but in addition there is a third term (the last 



term in (J30| ) ) which is not a correction in this sense, and which represents a deviation 
away from a perfect square form of the potential. This is a direct consequence of having 
both an S and T dependence in the superpotential. Thus we should in principal find such 
terms in our naive compactification effective potential in (p0|), along with perfect square 
terms. 

In fact this lack of perfect square structure fits in with our earlier observations concern- 
ing V e ff in (p0| ). To try and match (|30|) with (p0[) , let us consider the more likely possibil- 
ity discussed earlier, namely G a b c = (47r) 5 ^ 3 cm 3 1 e a b c 5(x u — irp), and Tr ( X(4)^ abcX(4) ) — 
(47r) 5//3 /i /j, 3 e a fe c ,with c real and h complex. Then only the integrals B2...B4 are relevant in 
(PU|). The moduli independent parts of these integrals then reproduce the perfect square 
term in © with | Cl | 2 = c 2 m 6 u J Xa <fx ( y^e 2 ) and |c 2 | 2 = \h\ 2 m 6 u J X2 A(y^e 2 ). 
One can expect that m\ x J X2 d 6 x ( yg^ e 2 ) will be of order 1 since it involves the metric 

(0) 

9ij ■ 

However, there are additional moduli dependent pieces to B2-..B4, which are propor- 
tional to e 7 . Interestingly, the additional factors (S + S)(T + T) found Q50D have also this 7 
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dependence, but there are difficulties. Firstly the additional terms in ([30]) are proportional 
to | W \ 2 and not \W\ 2 as implied by ((20|). Secondly the coefficients do not match up 
precisely, (e.g. the factors of 6q i n fl30l) are absent in the integrals B2...B4.) Nevertheless 



the coefficients do resemble each other in that one has J X2 d 6 x J g^a{g^\ F) in C3 and 
Jx 2 d 6 x \fg& e 2 a(g(°\ F) occuring in the second terms of £> 2 ...-E>4 (|23|). 

Clearly these difficulties are related to those raised earlier in connection with having 
tree level gage kinetic functions that are dependent on both S and T. Certainly the trou- 
blesome moduli dependent factors in B2...B4 are a consequence of the same phenomenon 
that lead to a tree level dependence on T in the hidden sector gauge coupling. 

One should add that the situation is somewhat worse if we entertain the possibility of 
turning on the Chern-Simons forms in Gu a b c at each of the two Z 2 fixed points. In such 
an event, it does not seem likely that B1...B4 have the structure necessary to reproduce 
any perfect square terms. It is hard to be definitive because in this case it is difficult to 
obtain an explicit dependence of these integrals on the coordinate x 11 . This is because 
the terms we are turning on in Gn a b c are not covariantly constant so the analysis that 
lead to (p3|) is not obviously applicable. 

Putting all these various problems aside, we can at least try to make some preliminary 
observations concerning the possible stabilization of the moduli expectation values. One 
of the motivations in trying to derive an effective potential from having both Gu a b c and 
(xx) 11011 vanishing was to hopefully avoid the usual runaway problem concerning the 



values of S and T at the minimum of V e ff. Banks and Dine |T0| have already discussed 
the situation in the context of M-theory, at least for superpotentials of the form (f25|) 
but with Ci = 0, i.e. they do not consider the more general situation of allowing non- 
vanishing Guabc- Translating this to our potential (|2(] ), it appears possible that one 
might achieve stabilization of a and 7 (and hence the radius p ) if one turns on e.g. Gn^ 
at the boundary X 2 only and proportional to e a bc, which was the first scenario discussed 
earlier. Although we do not present details here, what appears to be important in possibly 
achieving this stabilization is the relative minus signs of the moduli dependent parts of 
B 2 ...B A compared to the moduli independent parts. 

Finally, before ending this section, we comment on the results we have presented here, 
and the effective superpotentials obtained by || when applying the Scherk-Schwarz com- 
pactification procedure in the context of M-theory defined on M 4 x X x S 1 /Z 2 . Such a 
comparison is motivated by the ideas presented in 0, that the Scherk-Schwarz mecha- 
nism applied in this way is effectively equivalent to gaugino condensation. One of the 
key features of the induced superpotentials in |§ was that the axionic shift symmetry 
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associated with the modulus S is violated. We have found no evidence of this from the 



form of the effective potential we have obtained in (f20] , ^ ). Furthermore if one added 



a linear term in S to the superpotential (|25|) , (to simulate the term found in || ), there 
are additional terms, some of which will violate S shift symmetry in the corresponding 
scalar potential that again we have no evidence for in 



4 Soft terms 

In this section we make some preliminary comments on the pattern of soft masses in the 
observable sector. At tree level in the observable sector the no-scale structure appears 
which is well known already from the weakly coupled heterotic string models. Since 
the observable superpotential is of no-scale type (trilinear terms in matter fields) the 
dependence of the scalar potential on matter fields C relevant for the calculation of masses 
is of the form 

V = V(T + f - |Cf) (32) 

which implies 

min,C=0 ~ ~T^\min,C=0 ~ (33) 



' dT 

However, there is no exact symmetry of the full Lagrangian which could prevent scalar 
masses from arising through radiative corrections (supersymmetry is broken and massive 
gravitino couples to observable fields). Similarly, gaugino masses will be generated through 
radiative corrections. In this respect the situation is similar to that in no-scale models 
studied in the past |Tj|. However, one can speculate that in some sense gaugino masses 



can arise even at tree level. The inverse gauge coupling can be regarded as the real part 
of the a; 11 -dependent holomorphic function / of S and T superfields 

f = a 1 S + /3 1 T-TA{x 11 ) (34) 



where ax and f3\ are constants ( (3i is immediately given by (|T3|) )and A(x u = 0) = 0. 
In reality one expects that in quantum M-theory the singularities associated with the 
zero-thickness of the boundary are regularized by thickening the boundaries, the effec- 
tive thickness being of the order of discussed earlier. In this case the resulting 
A e ^j(0) ~ A(m 11 1 ) can be different from zero. Now, in 4d supergravity the tree-level 
gaugino masses are proportional to f s F s + frF T . One doesn't know at this point the 
relation of the F ' T -terms at x 11 = to those which we can compute at the strongly 
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coupled boundary using the effective Lagrangian derived here, but these quantities com- 
puted at the strongly coupled boundary in general don't have to both vanish. Of course, 
one can say that there exist M-theory models which are similar to weakly coupled string 
models, in these models one would expect in analogy T-dependent threshold corrections 
and future interesting structure in "twisted" sectors, but in this paper we want to restrict 
ourselves to the specific model at hand and to separate facts from speculations. 

5 Conclusions 

In this paper we have derived the explicit form, and discussed properties, of moduli de- 
pendent effective potentials as arising from compactification of M-theory when one of the 
boundaries supports a strongly interacting gauge sector and induces gaugino condensa- 
tion. Consideration has been given to allowing non vanishing components of the three 
form field strength Guabc- We have found that the naive process of trying to match the 
potential of moduli obtained by compactifying terms in the M- theory action, with the po- 
tential obtained from the superpotential W(S, T) given in (|30| ) is problematic. The origin 
of these difficulties appears to be due to the 'tree level' dependence of the hidden sector 
gauge coupling on the moduli S and T. As we have argued in the section 3, although 
one may try and make sense of this by arguing that the S and T dependence might be 
from different orders in perturbation theory, this is at odds with what one obtains from 
compactification. Such difficulties are not apparent when the same ideas are employed 
in the perturbative heterotic string. It could be that these problems are an indication 
that in considering gaugino condensation in M-theory, and not carefully integrating out 
massive modes in obtaining an effective theory at scales <C run, (rather using a more 
naive approach which worked in the perturbative case), leads to difficulties. Perhaps a 
related point is to understand deeper issues concerning the effective four dimensional the- 
ory obtained from M-theory for example the connection between Wilsonian and physical 
gauge couplings, which has revealed many subtle issues in the past [O] (and references 
therein ). 
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